The bright sub-mm galaxy MM 18423+5938 at redshift 3.9296 has been predicted from mid-infrared and millimetre photometry to have an exceptionally large total infrared (IR) luminosity. We present new radio imaging at 1.4 GHz with the Westerbork Synthesis Radio Telescope that is used to determine a radio-derived total IR luminosity for MM 18423+5938 via the well established radio-far-infrared correlation. The flux density is found to be S 1.4 GHz = 217 ± 37 µJy, which corresponds to a rest-frame luminosity density of L 1.4 GHz = 2.32 ± 0.40 × 10 25 µ −1 W Hz −1 , where µ is the magnification from a probable gravitational lens. The radio-derived total IR luminosity and star-formation rate are L 8−1000 µm = 5.6 −4.9 × 10 3 µ −1 M ⊙ yr −1 , respectively, which are ∼9 times smaller than those previously reported. These differences are attributed to the IR spectral energy distribution of MM 18423+5938 being poorly constrained by the limited number of reliable photometric data that are currently available, and from a previous misidentification of the object at 70 µm. Using the radio derived total IR luminosity as a constraint, the temperature of the cold dust component is found to be T d ∼ 24
+4.1
−2.4 × 10 13 µ −1 L ⊙ and SFR = 9.4
+7.4
−4.9 × 10 3 µ −1 M ⊙ yr −1 , respectively, which are ∼9 times smaller than those previously reported. These differences are attributed to the IR spectral energy distribution of MM 18423+5938 being poorly constrained by the limited number of reliable photometric data that are currently available, and from a previous misidentification of the object at 70 µm. Using the radio derived total IR luminosity as a constraint, the temperature of the cold dust component is found to be T d ∼ 24
+7
−5 K for a dust emissivity of β = 1.5 ± 0.5. The radio-derived properties of this galaxy are still large given the low excitation temperature implied by the CO emission lines and the temperature of the cold dust. Therefore, we conclude that MM 18423+5938 is probably gravitationally lensed.
INTRODUCTION
Sub-millimetre (sub-mm) selected galaxies have become a well established population of heavily dust obscured objects at high redshift (e.g. Blain et al. 2002) . They are characterized by their extremely large total infrared (IR) luminosities (L8−1000 µm ∼ 2 × 10 12 L⊙; e.g. Aretxaga et al. 2007 ) and very large star-formation rates (SFR ∼ 400 M⊙ yr −1 ; e.g. Coppin et al. 2008 ). Sub-mm galaxies are important for galaxy formation studies because they are thought to be the progenitors of present day ellipticals (e.g. Swinbank et al. 2006 ) and because they are believed to make up a significant fraction of the star-formation density at high redshift (e.g. Wardlow et al. 2011) . Although the bulk of the radio-selected sub-mm galaxy population is located ⋆ mckean@astron.nl atz ∼ 2.5 (Chapman et al. 2005) , there is growing evidence from surveys carried out at mm-wavelengths that there is also a significant population of sub-mm galaxies at higher redshifts (Bertoldi et al. 2007; Younger et al. 2009 ). However, only seven z > 3 sub-mm galaxies have so far been confirmed spectroscopically (Capak et al. 2008; Coppin et al. 2009; Daddi et al. 2009a,b; Knudsen et al. 2010; Lestrade et al. 2010 ).
The bright sub-mm galaxy MM 18423+5938 was recently discovered by Lestrade et al. (2010) with MAMBO2 (Max-Planck Millimetre Bolometer 2). This rare object has 1.2, 2 and 3 mm flux-densities of 30, 9 and 2 mJy, respectively. Follow-up spectroscopic observations found the redshift to be z = 3.9296 from CO (4-3, 6-5 and 7-6 transitions) and C I emission lines. The spectral energy distribution of the CO lines is consistent with a moderate starburst, and excludes heating by a dominant active galactic nucleus (AGN). MM 18423+5938 was not detected by IRAS at 60 and 100 µm, or with Spitzer at 24 µm. However, a source lying 3σ from the MAMBO2 position was found in Spitzer imaging at 70 µm with a flux density of 31 mJy. From a fit to the observed spectral energy distribution, using 4 detections and 3 upper-limits at mm and mid-infrared (MIR) wavelengths, the total IR luminosity of MM 18423+5938 was estimated to be L8−1000 µm = 4.8 × 10 14 µ −1 L⊙ (Lestrade et al. 2010 ). Given the extremely large total IR luminosity, which is an order of magnitude higher than for rare hyper-luminous sub-mm galaxies, it is expected that there is a foreground gravitational lens magnifying MM 18423+5938 (the factor µ above). The large observed flux density and the possible large lensing magnification of MM 18423+5938 provides a great opportunity to investigate the properties of a very high redshift mm-selected galaxy in detail.
In this letter, sensitive radio continuum observations are used to investigate the nature of MM 18423+5938. The main aim of these observations is to use the well established radio-farinfrared (FIR) correlation to independently determine the total IR luminosity of MM 18423+5938 and hence, calculate a radioderived star-formation rate. Throughout, we adopt an ΩM = 0.3 and ΩΛ = 0.7 spatially flat Universe, with a Hubble constant of H0 = 70 km s −1 Mpc −1 , and a solar luminosity of L⊙ = 3.939 × 10 26 W.
OBSERVATIONS & RESULTS
MM 18423+5938 was observed with the Westerbork Synthesis Radio Telescope (WSRT) at 1.381 GHz on 2010 September 15, 16 and 17 for a total of 24 h. The observations were performed in the standard continuum mode, which consists of 8 spectral subbands, each with 20 MHz bandwidth, 64 spectral channels, and 2 polarizations. 3C 286 and 3C 48 were used to correct for the bandpass in each sub-band and to apply the flux-density calibration to the data. Radio frequency interference was first flagged and then the target data were self-calibrated to determine the amplitude and phase gain variations in the standard way using the Common Astronomy Software Applications (CASA) package. The imaging was carried out using uniform weighting, which gave a beam-size of 14.4 × 9.9 arcsec 2 at a position angle of −7.6 deg and a map rms of 21 µJy beam −1 . The expected map noise for an observation with the WSRT of 24 h duration is 8.4 µJy beam −1 . However, the image of MM 18423+5938 is dynamic range limited due to the presence of a bright 137 mJy off-axis radio source that is about 10 arcmin south-east from the phase centre.
The 1.381 GHz image of the region around MM 18423+5938 is presented in Fig. 1 . MM 18423+5938 is detected at the 11σ level and is found to have a peak surface brightness of I1.4 GHz = 232 ± 21 µJy beam −1 at the position αJ2000 = 18 h 42 m 22.32 s ± 0.06 s δJ2000 = +59
• 38 ′ 29.6 ′′ ± 0.6 ′′ . This radio position is in good agreement with and has better precision than the position measured at mm-wavelengths (Lestrade et al. 2010) . A Gaussian fit to the radio emission in the image plane finds a 1.381-GHz flux density of S1.4 GHz = 217 ± 37 µJy from MM 18423+5938. The flux density that was found on each of the separate observing days is consistent with this measurement from the combined dataset. The de-convolved full width at half maximum of the fitted Gaussian is rFWHM = 2.6 +4.5 −2.6 arcsec (c.f. with the beam-size above). Therefore, the radio emission detected from MM 18423+5938 is unresolved on the scales probed here with the WSRT. The rest-frame 1.4 GHz radio luminosity density of MM 18423+5938 has been estimated using,
where DL is the luminosity distance, S1.4 GHz is the flux density, z is the redshift and α is the two-point spectral index (Sν ∝ ν α ). The spectral index is needed to apply the k-correction to the flux density and is taken to be α = −0.8. This is the spectral index that is assumed for the radio-FIR correlation we use later and is consistent with the spectral index of a typical sub-mm galaxy at redshift ∼2 (−0.75 ± 0.06; Ibar et al. 2010) . The rest-frame 1.4 GHz radio luminosity density is found to be L1.4 GHz = 2.32 ± 0.40 × 10 25 µ −1 W Hz −1 . However, it should be noted that there is tentative evidence for the radio spectral indices of sub-mm galaxies steepening with redshift (Bourne et al. 2010) , which would result in a higher luminosity density than has been calculated here; a change of ± 0.2 in the spectral index would result in a change of ∼35 per cent in the luminosity density.
The properties of MM 18423+5938 from the WSRT observations and from our analysis presented below are summarized in Table 1.
THE TOTAL INFRARED LUMINOSITY
The radio luminosity density that we measured from the WSRT observations can be used to determine the total IR luminosity of MM 18423+5938 via the well established radio-FIR correlation (Condon, Anderson & Helou 1991) , which shows a tight re- 
K lation at z < 0.5 (Price & Duric 1992; Yun et al. 2001; Bell 2003; Jarvis et al. 2010) , with possibly a slight evolution out to redshift 4.4 (Garrett 2002; Beswick et al. 2008; Ibar et al. 2008; Murphy 2009; Seymour et al. 2009; Bourne et al. 2010; Ivison et al. 2010a,b; Kovács et al. 2010; Michałowski et al. 2010; Sargent et al. 2010a,b) . The radio-FIR correlation is usually defined by the parameter qIR, which relates the radio luminosity density and the total IR luminosity by,
Ivison et al. (2010b) found a typical value of qIR = 2.40 ± 0.24 from a sample of 250 µm-selected galaxies (S250 µm 20 mJy; 5σ) that were observed with Herschel. This sample is comprised of 39 sub-mm galaxies at z < 3 with photometry in 12 bands between 24 and 1250 µm, and represents the largest sample of submm galaxies with well sampled rest-frame IR spectral energy distributions studied to date. Using this definition of the radio-FIR correlation we find that the total IR luminosity of MM 18423+5938 is L8−1000 µm = 5.6 +4.1 −2.4 × 10 13 µ −1 L⊙. This radio-derived total IR luminosity is ∼9 times smaller compared to what was found by Lestrade et al. (2010) from the IR spectral energy distribution of MM 18423+5938. A possible explanation for this difference is the expected evolution in qIR with redshift that results from an attenuation of the radio emission due to inverse Compton scattering off of cosmic microwave background photons (Condon 1992) . However, in contrast to this theoretical prediction, the observed value of the radio-FIR correlation has remained fairly constant with redshift (within the uncertainties). For example, the value of qIR used here is consistent with that found for sub-mm galaxies at z ∼ 4.4 (qIR = 2.16 ± 0.28) by Murphy (2009) , albeit with a much smaller sample size. The value of the radio-FIR correlation parameter that is implied from our radio observations and the Lestrade et al. (2010) total IR luminosity is qIR = 3.34 ± 0.11, which is 4σ from the results of Ivison et al. (2010b) .
Alternatively, the large difference in the derived total IR luminosities may arise from the method applied by Lestrade et al. (2010) , who used a Milky Way dust model with a large grain (cold) component at 45 K, a small grain (warm) component at higher temperature and a polycyclic aromatic hydrocarbon (PAH) component to describe the MM 18423+5938 spectral energy distribution. The PAH component was constrained by an upper-limit at 24 µm from Spitzer, but since this component only dominates the rest-frame spectral energy distribution of the Lestrade et al. (2010) model below 8 µm, and is several orders of magnitude weaker than the other components, any change in the PAH strength will not significantly effect the total IR luminosity measured for MM 18423+5938. The small dust grain component was constrained by the 70 µm detection with Spitzer and by the upper-limits at 60 and 100 µm from IRAS. However, as already discussed by Lestrade et al. (2010) , there is a 9 arcsec offset between the 1.2 mm position of MM 18423+5938 and the possible 70 µm counterpart. Due to the higher astrometric precision of our radio data, we find this offset to be 10.8 ± 1.9 arcsec and can now clearly establish that these two sources are not associated with each other at the 5.7σ level (note that our analysis also includes a 1.7 arcsec uncertainty for the Spitzer 70 µm position). By using the limiting flux density of the 70 µm imaging as a constraint (S70 µm < 5.7 mJy; 1σ), we find that the luminosity of the small dust grain component must be at least a factor of ∼5 smaller than was originally found by Lestrade et al. (2010) . However, this is not sufficient to fully explain the difference between the total IR luminosities derived using the different methods, even though the small dust grain component dominated the rest-frame spectral energy distribution between ∼8-30 µm and contributed ∼70 per cent to the total emission of the Lestrade et al. (2010) model.
The large dust grain component provides most of the total IR luminosity from sub-mm galaxies and dominates the spectral energy distribution of MM 18423+5938 from at least ∼30-1000 µm.
To investigate the properties of this component, we have used a single temperature modified blackbody spectrum,
where T d is the dust temperature of the large dust grain component and β is the emissivity, which we assume is 1.5 ± 0.5. We first attempted to fit a wide range of dust temperatures between 20 to 45 K and found that T d (and hence the luminosity) is not at all well constrained by the three mm detections of MM 18423+5938 and the four non-detections at shorter wavelengths (the reduced χ 2 of these fits were typically around 0.7 to 0.8). This is because the peak and the general shape of the spectral energy distribution, which are defined by the dust temperature, are not well sampled by the available photometric data (see Fig. 2 ).
We have attempted to place some constraint on the temperature of the large dust grain component by measuring the total IR luminosity for various dust temperature models and comparing with the result from the radio-FIR correlation. We calculated the FIR luminosity by integrating the best-fitting modified blackbody spectrum between 40 and 120 µm. A bolometric correction term was used to convert the FIR luminosity to the total IR luminosity, such that, L8−1000 µm = L40−120 µm × 1.91 (Dale et al. 2001) . We find that the large dust grain temperature of MM 18423+5938 has to be T d ∼ 24 +7 −5 K with a peak wavelength at around 150 µm to reproduce the radio-derived total IR luminosity. The error in the dust temperature includes the uncertainty introduced by the radio-FIR correlation and the unknown dust emissivity. Recent results from Herschel have shown that high redshift sub-mm galaxies have cold dust temperatures of 34 ± 5 K (Chapman et al. 2010 ; see also Magnelli et al. 2010 who find 36 ± 8 K), and peak rest-frame wavelengths of around 100 µm. The predicted cold dust temperature of MM 18423+5938 is lower than these values, which suggests that the star-forming conditions of this galaxy are not as extreme as the typical sub-mm galaxy at redshift 2 (see below for further discussion).
The single temperature modified blackbody approximation that we have used here is probably too simple to fully characterize the cold dust component of the spectral energy distribution. A fit to the observed spectral energy distribution of MM 18423+5938 using a single temperature modified blackbody spectrum with a dust emissivity of β = 1.5 ± 0.5. The predicted radio emission for each temperature model is calculated from the radio-FIR correlation and assumes a power-law spectrum, Sν ∝ ν −0.8 . The data points are shown by the crosses. Given the large uncertainties introduced by the radio-FIR correlation and the unknown dust emissivity, we find that cold dust temperatures of ∼24 +7 −5 K are needed to reproduce the radio-derived total IR luminosity.
More sophisticated radiative transfer models (e.g. Dale & Helou 2002) for the full spectral energy distribution of MM 18423+5938 can be tested once additional data have been collected. However, our analysis has shown that with the available photometric data, the rest-frame spectral energy distribution between 8-1000 µm is not sufficiently well constrained to independently yield a reliable total IR luminosity. Observations at 100 to 850 µm with, for example Herschel and SCUBA2, will be needed to properly constrain the spectral energy distribution and the dust temperature of MM 18423+5938 (e.g. Chapman et al. 2010 ) so that the total IR luminosity can be measured in this way.
Finally, as an independent check of our radio-derived total IR luminosity for MM 18423+5938 we have used the relation between the CO (3−2) luminosity and the FIR luminosity, which for high redshift sub-mm galaxies has a ratio of L40−120 µm /L ′ CO (3−2) = 194 ± 20 L⊙ / K km s −1 pc 2 (Iono et al. 2009 ). The CO (3−2) transition was not observed by Lestrade et al. (2010) , but based on their CO spectral energy distribution this transition is predicted to have a flux-density of ∼18 mJy. We find for our radio-derived FIR luminosity that the CO (3−2) transition should have a flux-density of ∼12
+8
−5 mJy, assuming the same 175 km s −1 line width as for the CO (4−3) transition. This is in good agreement with what is predicted for the CO (3−2) transition from the spectral energy distribution. Therefore, we find that the best estimate of the total IR luminosity of MM 18423+5938 currently comes from the radio imaging presented here, under the assumption that the radio-FIR correlation holds out to redshift 4.
THE PROPERTIES OF MM 18423+5938 AND THE NEED FOR GRAVITATIONAL LENSING
The radio luminosity density of MM 18423+5938 at 1.4 GHz is about 1.5 orders of magnitude higher than the typical near-infrared selected star-forming galaxy found between redshift 1.42 and 2 (Bourne et al. 2010 ) and is about 9 times higher compared to the population of radio selected sub-mm galaxies found at z ∼ 2.5 (Chapman et al. 2005 ). The radio luminosity density is also 3-8 times higher compared to 4 out of 5 (unlensed) spectroscopically confirmed sub-mm galaxies at z ∼ 4 with radio detections; the exception being the sub-mm galaxy GN20 (Daddi et al. 2009a) , which is known to host a radio-loud AGN. The unusually high radio luminosity density could therefore suggest that the emission from MM 18423+5938 is predominately due to a radio-loud AGN. However, since the CO spectral energy distribution peaks at J = 5 and is well fit by a single low excitation temperature model, strong heating by a central AGN can be ruled out. The radio-derived total IR luminosity of MM 18423+5938 is 6-8 times larger than what was found for typical sub-mm galaxies at redshift z ∼ 2.5 (Kovács et al. 2006; Magnelli et al. 2010; Chapman et al. 2010) , but is consistent with the extreme values (L8−1000 µm ∼ 3 × 10 13 L⊙) reported for hyper-luminous submm galaxies out to z ∼ 2 (Casey et al. 2011) . However, these extreme luminosity galaxies also have cold dust temperatures of T d = 52 ± 6 K, which is significantly higher than what we found for MM 18423+5938. Using the relation between the total IR luminosity and the star-formation rate by Kennicutt (1998) , the radioinferred star-formation rate of MM 18423+5938 is found to be SFR = 9.4 +7.4 −4.9 × 10 3 µ −1 M⊙ yr −1 . This is for a continuous starburst model of 10 to 100 Myr duration, is valid over the mass range 0.1 to 100 M⊙ and assumes a Salpeter (1955) initial mass function. Again, the star-formation rate is much higher than what has been found for the sub-mm galaxy population at z ∼ 2.5 (400 M⊙ yr −1 ; e.g. Coppin et al. 2008) , and is not consistent with the moderate excitation temperature implied by the CO spectral energy distribution.
Gravitational lensing can be used to explain these contradictions between the observed properties (i.e. the radio luminosity density, total IR luminosity and star-formation rate) and the relatively low cold dust and CO excitation temperatures. This is because the temperatures are related to the shape of the spectral energy distribution (either for the continuum or CO spectral line transitions) and are not effected by gravitational lensing, providing there is little or no differential magnification, whereas the luminosities scale with the magnification. Since the total IR luminosity and star-formation rate that have been calculated from the radio imaging are ∼9 times lower than those found by Lestrade et al. (2010) , the need for a very high gravitational lens magnification (∼300) to explain the emission from MM 18423+5938 is no longer required. By assuming a reasonable magnification of between 10 and 50 from a possible gravitational lens, the predicted unlensed total IR luminosity and star-formation rate of MM 18423+5938 decreases to 1.1-5.6 × 10 12 L⊙ and 190-940 M⊙ yr −1 , respectively. Similarly, the unlensed radio luminosity density would decrease to 0.5-2.3 × 10 24 W Hz −1 . The range of assumed lensing magnifications is consistent with what has been found for other starforming galaxies at high redshift that are gravitationally lensed (e.g. Negrello et al. 2010) .
High sensitivity observations at sub-arcsec resolution with, for example, the Expanded Very Large Array (EVLA) or the MultiElement Radio Linked Interferometer Network (e-MERLIN) could be carried out to image the radio emission from MM 18423+5938 and to confirm the lensing hypothesis for this system. Such observations would allow the actual magnification from the gravitational lens to be determined and find out if there is any contaminating radio emission from the foreground gravitational lensing galaxy (e.g. Berciano Alba et al. 2010; Volino et al. 2010) . Further observations at milliarcsecond resolutions with very long baseline interferometry could be used to determine whether there is any contribution to the total radio flux-density from an AGN (e.g. Garrett et al. 2001; Biggs et al. 2010) .
SUMMARY
MM 18423+5938 at redshift 3.9296 was thought to have an extremely large total IR luminosity (4.8 × 10 14 µ −1 L⊙; Lestrade et al. 2010) , and based on this was believed to be highly magnified by a gravitational lens. We have presented new imaging at 1.4 GHz that detects the galaxy at radio wavelengths for the first time and determines a more precise position. Using the wellestablished radio-FIR correlation, we find that the total IR luminosity of this galaxy is ∼9 times lower than what was previously calculated from an analysis of the IR spectral energy distribution, which is considered unreliable due to the limited photometric data that is currently available. In particular, we find that the object detected at 70 µm, which partly led to the high total IR luminosity, is not associated with MM 18423+5938. The radio-derived properties are still quite large (L8−1000 µm = 5.6 +4.1 −2.4 × 10 13 µ −1 L⊙ and SFR = 9.4 +7.4 −4.9 × 10 3 µ −1 M⊙ yr −1 ) given the moderate excitation temperature of the CO lines and the low cold dust temperature (T d ∼ 24 +7 −5 K). Therefore, we conclude that MM 18423+5938 is probably gravitationally lensed, as Lestrade et al. (2010) suggested. We find that extreme magnification factors are no longer required; a reasonable lensing magnification between 10-50 would give a star-formation rate and total IR luminosity that are consistent with a typical sub-mm galaxy at redshift ∼2.
